This paper presents the surge responses of the grounding system using the scaled electrode models experimentally.
Introduction
Modern electrical apparatuses in electric power substations and communication systems are using more electronic devices and need high reliability because of elaborate controls and complicated signal processes. The signal level of electronic equipment is low in general so that external surge interferes with their operation or malfunction, especially for the power equipment used in power transmission. We make up lightning protections such as overhead ground wires, multi ground wires [l] , lightning arrester etc. because most of the faults are due to lightning surge. As grounding electrodes are effective to the lightning protection technology in widely areas, there are many research works regarding the relations between commercial frequency resistance and the resulting soil resistivity [2] [3] . Experimental and theoretical procedures for estimating the resistance have been developed for regular soil resistivity in direct current or low commercial frequencies besides complicated layers. various types of electrodes are used and almost of the studies are concerned with the electrical effect of properties of soil and discharge in ground accordingly. However, many points are still unclear when lightning current passes through these electrodes with high frequency components.
Generally speaking, the impulse impedance decreases by the discharge in the case of high soil resistivity. However, if the soil resistivity is low, impedance sometimes increases [2] [3] [4] [5] . This is because the surge impedances of the electrode conductors come into the grounding impedance. Therefore, the current knowledge of the surge characteristic of electrodes is required to forecast the properties of the grounding system against the lightning surge. Several researches are continued through the miniature models of grounding electrodes and experiments on the actual grounding system [5, 10] . The numerical analysis and simulations of the electromagnetic field in the grounding become possible through recent progress in numerical analytical technic [7] . Most of them require very long calculations time as they analyze lightning surge in frequency domain against voltage distribution of grounding systems [7] .
It is the propose of this paper to find the basic properties of electrodes for the grounding impedance through the investigation of the surge properties in the miniature models of grounding electrode system. We should consider the discharge in ground, but it is quite difficult to grasp the reliable result under the high voltage surge in grounding electrode systems [4] [5] [6] . Therefor, a low voltage pulse was used for experiments because the discharge of the soil decreases the surge impedance but never increases.
Experimental procedure
2.1 Electrode elements To develop the low surge impedance grounding systems, we investigated several elementary elements of grounding electrodes as shown in Fig. 1 . A linear element is selected to investigate the surge characteristics such as a traveling time and characteristic impedance . The straight branch is consisted by the two straight elements that are connected vertically, and this is a part of a square grid. The curved branch element is the one that two conductors intersected at right angles are changed to be two curved elements and a linear elements. Because the number of the junctions increases from one to three, the affliction of the surge may decrease the surge impedance. The square mesh electrode models the general substation grounding system that is built by the linear elements and linear branched one. We used the circle mesh as a model that adds the curved branch into the square mesh in anticipation of the impedance reduction. We decided the length of the electrode models to make easy to measure their surge characteristic in our laboratory and they are made by copper wires with 2mm diameter.
Description of measurement method
In order to simulate lightning stroke to the grounding system, it is necessary to simulate the lightning path from the lightning point. Figure 2 shows the arrangement for the determination of the impulse impedance of the grounding elements. The ground plane is made by the copper plates with a value of ground resistance of less than 0.1 0 -m. A horizontal wire of the length 200 centi meters was placed over the ground plane as a reference wire, which an end is grounded to the plane. We used a high impedance probe to measure the voltage between the input end of a model and the auxiliary potential wire. Measurements of the current injected to an electrode model were carried out using a current probe. Figure 3 shows the arrangement of probes. The impulse current is fed to the left end of an electrode shown in Fig. I . The model were placed also horizontally 10mm higher from the ground plane. An applied voltage is less than several volts because only the surge characteristics of the conductors are investigated. A step voltage generator on the ground feeds the current to a model through the vertical and horizontal coaxial cable, which has the characteristic impedance 50 o and the matching resistance 50Q at the output end. As the length of the electrode elements is short, for enough time resolutions and reliable results we used 400MHz bandwidth measuring devices and the pulse generator which rise time is less than Ins. For the simulation of return stroke, the wire configuration has the vertical wire from the ground to the sky shown in Fig.2. 
Definition of surge impedance
We defined the instantaneous impedance during an impulse as the ratio of voltage and current flow into the electrode, and a surge impedance is defined as the instantaneous impedance at the time that a reflection wave from an open end returns to the input terminal [8, 12] . As an electrode element dose not form a closed circuit between the source and the ground plane, the impedance will increase very high after the arrival of the reflected wave from the end . In practice other electrode elements or conductors like a counterpoise will be connected to the end and decreases the instantaneous impedance. Not only the impedance value but also the time elapsed is important. In spite of a fairly complicated time variation of the impedance, we use the surge impedance as a measure of the goodness of a grounding electrode in this paper. 
Very high soil resistivity case
It is well known that the impedance of an electrode decreases in practice according to the decrease of the soil resistivity and the step current or voltage shows the slow front wave and larger rise time. It makes difficult for the conductors forming an electrode system to measure the surge characteristic because of the stray oscillations that will be mentioned later. Therefor, at the beginning we measured the surge response of the electrodes in air that is very high soil resistivity and approximately infinite. (a) Linear electrode Figure 4 shows the response of linear electrode and there are small damped oscillations by the measuring systems. The impedance 193 c2 is given by the ratio of the voltage and the current at the time 14 ns just before the reflected wave from the open end returns.This value is somewhat larger than the value 180 0 of the following characteristic impedance equation [ 11 ] ,
where h is the height of the line and a is the radius of the line.
In Fig.4 we find the tendency of the voltage that increases slowly after the front until the reflected wave appears instead of the constant current. This characteristic is a capacitive response [ 12] and similar with the transverse magnetic wave [11] .
We can obtain the velocity of the travelling wave As the current injected travels to the junction and flows to both open ends, the voltage shows the decrease caused by the junction at 7 ns and the surge impedance 900, which is about one half of the value of the linear electrode. Figure 6 shows the surge response of the curved branch electrode. It is so remarkable that the current and the voltage are reflected at the connection point of the curved elements and the linear element. The surge impedance is about 59 0, and is reduced to about one half of the value of the linear branch element. Since the branch point is closer than the direct branch electrode to the current applied point, the impedance reduction effect by current branch appears early.
Comparing the linear and the curved element, the number of the current paths is increased so that the surge impedance may be decreased. In experiments, however, the impedance has not changed as if another linear conductor was added to the center of the two curved elements. There are many reflections and transparent waves that are originated at the corner of the triangle in the curved branch electrode. These complicated waves may change the surge impedance smaller than the value expected by the result of the linear element. The impulse response of the square mesh electrode is shown in Fig.7 . The instantaneous impedance decreases gradually at about 5.7ns when the reflection from the first junction returns to the feeding point. We obtained about 28.6Q as the surge impedance and about one quarter of the value of the linear branch electrode. (e) Circle mesh electrode Figure 8 shows the surge response of the circle mesh. The time variation of the instantaneous impedance looks alike with the square grid, but the surge impedance is 14.3 Q. This value is one half of the impedance of the square mesh, and one quarter of the curved branch electrode. There are many curved branches in a circle mesh. Three curved branch junctions between the feed point and its nearest open end exist in the model grid, and this model has two more curved branch junctions than the curved branch electrode model. These junctions may decrease the impedance by approximately the second power of one half of the impedance of a one branch junction electrode. If we discuss the detailed impulse response characteristics, theoretical equivalent circuits must be constructed. 3.2 Low soil resistivity case In the previous section, the surge characteristic of the grounding electrode is simulated for very high soil resistivity that equals infinitely because of the air. In practice almost of the resistivity of the soil in grounding system is between several tens and several hundreds Q m because of the humidity of the soil. We investigated the impulse response of the elementary grounding electrode in finite soil resistivity. The electrodes are immersed in the electrolyte in a plastic vessel, which has the size 200 x 200 X50cm(W xDXH). Water was used as electrolyte and the resistivity was 240 . m and 700 • m. The resistivity is controlled by sodium chloride.
As the permeability of the water is one order higher than the air, the travelling speed decreases. We changed the method of the measurement for impulse response as shown in Fig.9 because the reflection from the end of the electrode has to be measured before the arrival of the reflection from the signal wire, but the limit of the laboratory room cannot enlarge the vertical wire shown in Fig.2 . We removed the vertical wire and apply the voltage source directly to an electrode model as conventional method [6] [7] . There is an electrode located at lcm under the water surface and 9cm over the ground plate. The linear electrode in water showed the surge response as shown Fig. 10 at the water resistivity 24 52 m. By the time 96ns of the current decrease and the electrode length, we obtain the velocity 4.2x107 m/s of the current, which is faster than the value estimated by the relative permeability about 80 of the water. Although we could not measure the relative dielectric constant, it is set to about 25 by the calculation from the propagation velocity if we assume the disperseless transmission line. From the ratio of the voltage and current at the time, we obtain the surge impedance 26.7 52. The current increases slowly in the front and keeps almost constant value until the arrival of the reflected wave. Because the voltage also increases in the front, the impedance in this stage is resistive or capacitive. However, the voltage decreases somewhat after the front. Therefore, the impedance of the linear electrode in low resistivity is inductive except in the front.
Larger the permeability of soil is, slower the traveling velocity and smaller the characteristic impedance is. Therefore, the permeability changes only the peak value of the surge and the arrival time of the reflected wave, but dose not switch the impedance characteristic from capacitive to inductive or conversely. Comparing Fig.4 and 10, we find that the resistivity affects the surge impedance characteristics. 25ns that is related to 40MHz. This frequency is roughly equal to the frequency 35MHz which is equivalent to about 30cm a quarter of the wave length in the electrolyte of our experiment.
We think that the structure of the mat causes the dumped oscillations because they appears in both the square and circle mat which are formed by the lattice of 30cm.
In spite of the oscillations, we calculated the impulse impedance of the figure 11, 12 by the ratio of the voltage and the current at the time 55ns that we estimated double the traveling time from the current source point to the end by the length of electrodes and the current velocity. We In Fig. 11 and 12, the voltage shows inductive tendency in the whole wave because it decreases as the time proceeds. In comparison between the figures 7 ,8, 11 and 12, we find that the impedance in time domain are capacitive in high resistivity. While on the other hand, the impedance in low resistivity is inductive and this result agrees the field result[ 121.
The impulse impedance decreases remarkably and about 50% of the infinite resistivity and the circle mesh electrode have smaller impedance than the square one. In the reduction of the impedance of above electrodes, we found that the rate of the reduction for the branched and grid types are not so remarkable than the linear one when the soil resistivity is changed. This shows that the conductors of an electrode affect to the surge response mutually and the soil resistivity decreases the impedance more than can be estimated from the permeability of the electrolyte. Nevertheless the relation of the large and small impedance for electrodes cannot be changed, so the surge response of the excellent grounding electrode system, which has small impulse impedance, may be investigated in the high soil resistivity as far as it is clear the relation of the impedance between soil resistivity and the permeability. We obtained the frequency characteristics of a voltage and current by the time responses in experiments through the method of Discrete Fuorier Transform(DFT) for the wave analysis. We will show, in detail, the frequency domain characteristics among the results.
(a) High soil resistivity case It is well known that the impulse impedance may show inductive response dominantly if the resistance in commercial frequency is less than 1052, and capacitive response would be dominant if more than 2052. In figure  17 we illustrates the frequency characteristics of the impedance of the two grounding electrodes; the square and circle meshes. The time response are shown in Fig.7  and 8 . It is shown in the figure that the grounding impedance becomes high when the frequency is low. We understand that the grounding impedance values in frequency characteristics are capacitive when the resistivity of soil is high. The impedance decreases gradually when the frequency increases until the impedance approaches a constant value. Since the grounding impedance is defined by the length electrode and the medium around the electrode, as we have explained previously, the grounding impedance was found to be low with respect to the circle electrode as compared to the square electrode. (b) Low soil resistivity case Figure 18 illustrates frequency characteristics with respect to the grounding impedance of two square and circle electrode in low soil resistivity which time response are shown in Fig. 11 and 12 . These curves show that there is no significant difference between the grounding impedance of the square and circle electrodes in low soil resistivity, but slightly the circle electrode model is lower.
We noted also that the grounding impedance decreases slowly in the low frequency domain but increases until it reaches the highest value of about 65 0 at the frequency level of 40 MHz. This result is the same tendency of the result of [9] . However, in this work we deals the grounding impedance condition in more wide frequency range. In the figure 18 we find that the impedance falls off again in high frequency domain as well as Fig.17 . This capacitive property is due to the characteristic of straight conductor as shown in Fig. 10 . Except the high frequency characteristics we understand that the inductive characteristic appears if the resistivity of soil is low.
Conclusions
It is investigated the impulse response of the several grounding electrode elements in the very high soil resistivity and the lower one to clear the basic surge characteristics of the grounding system under corona free. The connections of the two curved conductors to a linear conductor decrease the impulse impedance more than the case that two linear conductors are connected each other at the branch point. As an application of these connections, a circle grid was compared with a square grid. It became clear that the circle mesh shows the lower surge impedance than the conventional square or rectangular mesh one.
We also studied the impulse response of electrodes covered with conducting concrete. It is revealed that the use of conductive concrete decreases apparently the velocity of the surge and the impedance as the same as corona discharges on overhead lines.
In addition to the time domain, We investigated the grounding impedance in frequency domain through the method of Discrete Fuorier Transform for the wave analysis. The results. showed that the characteristics of impedance in high soil resistivity is capacitive, and inductive in low soil resistivity. (Manuscript received Apr. 26, '95, revised Sep. 12, '95)
